Background Changes in muscle fat composition as for example observed in sarcopenia or muscular dystrophy affect physical performance and muscular function, like strength and power. The purpose of the present study is to measure the repeatability of Dixon magnetic resonance imaging (MRI) for assessing muscle volume and fat in the thigh. Furthermore, repeatability of magnetic resonance spectroscopy (MRS) for assessing muscle fat is determined. Methods A prototype 6-point Dixon MRI method was used to measure muscle volume and muscle proton density fat fraction (PDFF) in the left thigh. PDFF was measured in musculus semitendinosus of the left thigh with a T2-corrected multi-echo MRS method. For the determination of short-term repeatability (consecutive examinations), the root mean square coefficients of variation of Dixon MRI and MRS data of 23 young and healthy (29 ± 5 years) and 24 elderly men with sarcopenia (78 ± 5 years) were calculated. For the estimation of the long-term repeatability (13 weeks between examinations), the root mean square coefficients of variation of MRI data of seven young and healthy (31 ± 7 years) and 23 elderly sarcopenic men (76 ± 5 years) were calculated. Long-term repeatability of MRS was not determined. Results Short-term errors of Dixon MRI volume measurement were between 1.2% and 1.5%, between 2.1% and 1.6% for Dixon MRI PDFF measurement, and between 9.0% and 15.3% for MRS. Because of the high short-term repeatability errors of MRS, long-term errors were not determined. Long-term errors of MRI volume measurement were between 1.9% and 4.0% and of Dixon MRI PDFF measurement between 2.1% and 4.2%. Conclusions The high degree of repeatability of volume and PDFF Dixon MRI supports its use to predict future mobility impairment and measures the success of therapeutic interventions, for example, in sarcopenia in aging populations and muscular dystrophy. Because of possible inhomogeneity of fat infiltration in muscle tissue, the application of MRS for PDFF measurements in muscle is more problematic because this may result in high repeatability errors. In addition, the tissue composition within the MRS voxel may not be representative for the whole muscle.
Introduction
There is increasing evidence that muscle fat infiltration is an important factor to understand reduced mobility, for example, in elderly sarcopenic as well as in young sedentary subjects or in muscular dystrophy. [1] [2] [3] [4] [5] An increase of muscle fat content changes the structural muscle composition, decreases storage of elastic energy, and increases stiffness of the muscle-tendon unit. As a consequence, muscle activation and physical performance decrease. [6] [7] [8] Age-related or injury-related inactivity or limited mobility leads to increased muscle fat infiltration, eventually causing muscle dysfunction, which might then further increase fat infiltration. 9, 10 It is interesting that in elderly subjects, muscle mass declines at a slower rate than strength, emphasizing a strong role of muscle fat infiltration and potentially of the amount of perimuscular fat. A number of diagnostic techniques mostly based on magnetic resonance imaging (MRI) have been introduced [11] [12] [13] [14] for the assessment of fat. In the present study, multi-point T 2 *-corrected Dixon MRI and multi-echo T 2 -corrected magnetic resonance spectroscopy (MRS) were used to measure proton density fat fraction (PDFF) and proton density water fraction (PDWF) while minimizing MR-specific effects.
For monitoring age-related, disease-related, and treatmentrelated effects, the precision of the technique to determine perimuscular and intramuscular fat must be known. For longitudinal measurements, repeatability additionally is an important performance characteristic as it determines the minimum significant change that can be determined in an individual subject. 15 In the liver, repeatability of multi-echo T 2 -corrected H 1 MRS 16 and of 6-point (6pt) Dixon MRI with a multistep adaptive fitting algorithm 17 has been shown. Dixon MRI is gaining importance in clinical practice as it matches the accuracy of spectroscopy but provides fat assessment with high spatial resolution. [18] [19] [20] [21] [22] [23] In muscle, a high correlation between MRS and T 2 *-corrected 6pt Dixon MRI with calibrated spectral modelling of fat [23] [24] [25] has been shown for fat fraction measurements; however, to our knowledge in muscle, the repeatability of MRS and Dixon imaging PDFF measurements has not been investigated so far.
The purpose of the present study is to measure the shortterm and long-term repeatability of T 2 *-corrected 6pt Dixon MRI with calibrated spectral modelling of fat for assessing muscle volume and fat. Furthermore, short-term repeatability of multi-echo T 2 -corrected MRS for assessing muscle fat was determined. Both measurements were performed in young healthy and in elderly sarcopenic subjects.
Materials and methods

Subject population
Short-term repeatability (consecutive examinations) was determined in 23 young healthy men (29 ± 5 years) (G1) and in 24 elderly men (78 ± 5 years) with sarcopenia (G2). Longterm repeatability (13-week-period between examinations) was determined in seven young and healthy men (31 ± 7 years) (G3) and in 23 elderly men (76 ± 5 years) with sarcopenic obesity (G4). All seven subjects of G3 were also subjects of the short-term group G1. Eight subjects of G4 were also subjects of the short-term group G2. Inclusion criteria for G1 was the absence of severe medical conditions and at least 3 h of physical training per week for at least 6 months prior to study enrolment. Inclusion criteria for the elderly subjects (G2 and G4) were a skeletal muscle mass index <7.71 kg/m 2 and a body fat percentage >27% as measured by bioelectrical impedance analysis (InBody 770, Seoul, Korea). The young subjects (G1 and G3) were used as healthy controls. The subject groups were chosen to cover a wide range of possible fat contents to validate the method.
The study was approved by the local ethical review committee and was therefore performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. Written informed consent was obtained from each subject prior to examination.
Magnetic resonance data acquisition and magnetic resonance examination
Magnetic resonance imaging sequences Repeatability was determined for a 6pt Dixon and an MRS sequence. Additionally, the protocol included a clinically common T 1 -weighted (T 1 w) turbo spin echo sequence for high-resolution anatomical reference (sequence parameter: image resolution: 0.5 × 0.5 × 3.0 mm 3 ; slices: 34; matrix size: 512 × 512; TR: 844 ms; echo time (TE): 14 ms; bandwidth: 488 Hz/px; acquisition time: 2:54 min). Exemplary T 1 w, Dixon fat, and Dixon PDFF images of an elderly subject are shown in Figure 1 .
The Dixon sequence was a Gradient Echo Volumetric Interpolated Breathhold Examination 6pt Dixon prototype sequence (sequence parameter: image resolution: 0.8 × 0.8 × 3.0 mm 3 ; slices: 36, no spacing between slices; matrix size: 320 × 320; TR: 14.00 ms; TEs: 1.90, 3.73, 5.56, 7.39, 9.22, and 11.05 ms; bandwidth: 710 Hz/px; acquisition time: 1:17 min). Minimum possible TE values were selected at the given image resolution as validated previously. 25 T 2 *-decay was considered as a degree of freedom in the parameter extraction, and the effect on the extracted water and fat signals was eliminated using a multi-step fitting approach. 23 From the 6pt Dixon sequence, PDFF and PDWF maps were obtained. A time-domain calibration of the fat signal dephasing optimized for liver applications was used. 24 The spectroscopy method for PDFF measurements was a high-speed T 2 Figure 2 .
Magnetic resonance examination All subjects were examined at the mid-level of the left thigh. Axial slices were obtained using a 3-Tesla MR system (MAGNETOM Skyra fit , Siemens Healthcare GmbH, Erlangen, Germany). Subjects were positioned in supine position with feet first towards the MR system. Data acquisition was performed by using a flexible 18-channel body radiofrequency (RF) surface coil for signal reception. For best signal homogeneity in the volume of interest, the flexible surface RF coil was wrapped around the mid-level of the thigh. MRS was performed in the semitendinosus muscle, which is part of the hamstring muscle group. Semitendinosus was chosen because it could be separated well from surrounding muscles and was large enough to encompass the entire MRS voxel (15 × 15 × 15 mm 3 ) in all subjects. The voxel was positioned in regions without macroscopic fatty septa, if possible.
For determination of short-term repeatability, two measurements of the 6pt prototype Dixon sequence were acquired (M1 and M2). Measurement M2 was acquired after removing the flexible RF coil from the thigh and repositioning of the subject. Additionally, all MR system adjustments that included shimming and localization were repeated for M2. MRS was measured three times, first with repositioning between M1 and M2 and then a third time without repositioning the subject or the spectroscopy volume (M3).
For determination of long-term repeatability, the MR measurements (T1w turbo spin echo and 6pt Dixon) were repeated after 13 weeks (M4). Subjects maintained their usual physical activity between the examinations. Physical activity was monitored by a questionnaire addressing training frequency, intensity, and volume. Long-term repeatability was not determined for MRS.
To standardize the location of data acquisition, the subjectspecific length between the top edge of the patella and the iliac crest was measured before the first measurement. For each measurement, the acquired volume of interest was centred at half the length measured between the top edge of the patella and the iliac crest. Figure 1 . The two images demonstrate the challenge to reposition subject and MRS voxel. Muscle is elastic and easily deforms during repositioning. An inhomogeneous fat infiltration as shown here further complicates exact repositioning.
Magnetic resonance data post-processing
Manual segmentation of the fascia of the thigh muscle was performed in the prototype 6pt Dixon PDFF maps. For M1, the central five slices of the stack consisting of 36 images were analysed. For M2 and M4, the corresponding slices were selected manually. Veins were used as landmarks for orientation. T 1 w images were used to support the identification of the fascia. The femoral bone was excluded from the segmentation mask. Exemplary segmentation masks are shown in Figure 3 . The segmentation masks were used to calculate PDWF and PDFF within the fascia, that is, the analysed volume included all muscular and perimuscular fat. By definition, PDFF and PDWF add up to one. Volume of muscle tissue (MT) was estimated as volume inside the fascia multiplied by PDWF. The repeatability analysis was carried out for the average PDFF of the entire segmentation masks of the central five slices of the intrafascia volume measured in percent and for estimated MT volume measured in cm 3 .
Statistical analysis
Short-term and long-term repeatability was determined as root mean square coefficient of variation (CV RMS ) 15 in percent (%). The least significant change (LSC) was determined as 2.77 × CV RMS . If results from two measurements of an individual differ by more than the LSC with 95% confidence, a true change occurred. 26 As appropriate, paired or unpaired t-tests were carried out to compare the differences between the visits or the groups. A P-value of <0.05 was considered statistically significant. All statistical analyses were carried out with IBM SPSS l Statistics version 23.
Results
All 62 subjects could be examined successfully and repeatedly. The fascia was visible on the T 1 w and the Dixon fat images, but not on the PDFF map. Still, with the guidance of the T 1 w images serving as anatomical reference, manual segmentation of the PDFF maps could be performed in all subjects. The MRS examination was more challenging as the positioning of the muscles differed between both measurements (M1 and M2). An exemplary case is shown in Figure 2 .
Proton density fat fraction measurements
The group averages of estimated MT volume and PDFF are given in Table 1 . At M1, differences in estimated MT volume and PDFF were not statistically significant between the young subjects of groups G1 and G3 (P > 0.2 for both parameters) nor between the elderly subjects of group G2 and G4 (P > 0.7 for both parameters). Longitudinally, in G4, PDFF was 4.9% higher for M4 compared with M1 (P = 0.0003). For all other measurements, no significant differences were detected between M1 and M4 measurements.
Repeatability
Short-term repeatability (CV RMS ) errors of PDFF and estimated MT volume from Dixon imaging and PDFF from MRS are given in Table 2 along with resulting LSC values. The short-term repeatability error was below 2% for all parameters obtained from Dixon imaging. In comparison, all MRS short-term repeatability errors were larger than 9%. MRS PDFF errors were significantly higher after repositioning in the young subjects (P < 0.04).
Long-term repeatability errors that were only determined for Dixon imaging are given in Table 3 . For the elderly subjects, the long-term repeatability error for estimated muscle PDFF was significant larger than the short-term error (P < 0.03). 
Discussion
In this study, short-term and long-term repeatability of estimated MT volume and intrafascia PDFF in young and elderly subjects using Dixon MRI and MRS were measured. According to the knowledge of the authors, this is the first repeatability study of MRI and MRS for fat and muscle measurements in the thigh. Repeatability is an important performance characteristic. It determines the LSC that can be determined with a single measurement in an individual subject. 27 Repeatability is also inversely proportional to sample size an important consideration in planning studies. 28 In the present study, reported repeatability errors include variations caused by the subject repositioning and by the manual segmentation process. Short-term repeatability errors of Dixon imaging were excellent (below 2% for both parameters in young and in elderly subjects). This shows an impressive stability of the complete imaging acquisition and processing workflow. For DXA, the current gold standards of soft tissue composition assessments, in vivo short-term repeatability errors of whole body fat mass of around 1% to 2.3% and of lean mass of around 0.5% to 1%, have been reported. 29, 30 However, in the MR measurements of the present study, the investigated volume was much smaller. Published short-term repeatability errors of regional DXA measurements, for example, of the legs or arm of 2.5% to 5.6% were comparable with or higher that the Dixon MRI results observed in this study.
30-32
Short-term errors of MRS PDFF with values between 9.0% and 15.3% were much higher than those of MRI. This can be attributed to two reasons. Firstly, the MRS voxel is much smaller than the intrafascia volume analysed for the Dixon images. Thus, an inhomogeneous fat distribution as demonstrated in Figure 2 has a much larger effect on precision if only a small volume is analysed. Secondly, muscle is a flexible tissue that deforms easily between measurements. Therefore, the exact repositioning of the MRS voxel in muscle is challenging, and also, slight motion caused by involuntary muscle contraction or relaxation will influence the content of the measured volume. This is in particular a problem in case of an inhomogeneous fat infiltration as shown in Figure 2 . Because of the high short-term repeatability errors of MRS, long-term errors were not determined for MRS.
In rather homogeneous liver tissue for which MRS has been developed originally, MRS repeatability errors are smaller. Pineda et al. 16 reported a reproducibility of HISTO PDFF measurements in the liver and found a CV RMS of 6.4% (three separate sessions, three measurements per session, Left: root mean square coefficient of variation (CV RMS ) of estimated muscle tissue (MT) volume and proton density fat fraction (PDFF) obtained from Dixon imaging include repositioning. Right: MRS CV RMS were only determined for PDFF. G1: young, short-term; G2: elderly, short-term group. MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy. a Significant higher errors with repositioning. Table 3 . Long-term repeatability given as root mean square coefficient of variation of estimated muscle tissue (MT) volume and proton density fat fraction (PDFF) obtained from Dixon imaging
The two measurements were 13 weeks apart. G3: young, longterm; G4: elderly, long-term group. MT, muscle tissue; PDFF, proton density fat fraction. a Significant higher error than in short-term repeatability ( Table 2) .
Repeatability of Dixon MRI and MRS three subjects). Usually, spatial variations of liver tissue and of liver fat are small. MRS of muscle is more complicated because adipose tissue infiltrations lead to an inhomogeneous tissue composition in the captured MRS voxel. Larger amounts of fatty septa can lead to errors in the MRS fat measurement. Especially in the elderly subjects of our study, it was not always possible to position the MRS voxel in homogeneous MT volumes without macroscopic fatty septa. This may explain why the repeatability error in MRS was also high without subject and voxel repositioning. Reproducibility will be higher in muscles or other tissues with a more homogeneous fat distribution. This explains why MRS is successfully used to determine liver fat. Another reason for an increased variability of PDFF results could be an imprecise voxel excitation by the RF pulse or the extrapolation of fat and water signals at five successive ETs to TE equals zero for T 2 -correction. Because of the inhomogeneous fat distribution in muscle, the tissue composition within the MRS voxel may also not be representative for the whole muscle. A potential limitation of the MRS measurement in the present study was the positioning of the subjects. Legs were positioned flat on the scanner table, potentially increasing the degree of muscle deformation. Elevated and cushionsupported knees might have prevented deformation changes between measurements and could potentially decrease repeatability errors of MRS. However, a pre-investigation showed that this position was less endurable for most subjects and, in consequence, caused more movement artefacts especially in elderly subjects.
Long-term repeatability was only determined for MRI Dixon imaging, but not for MRS. CV RMS -values were lower than 4.2%. (Table 3) . As expected, long-term errors were slightly higher than short-term errors, but the direct comparison of the longterm and short-term errors is difficult as is the comparison of the results within Table 3 . This has a number of reasons. First, the group size of G3 (young subjects) was much smaller than G4 (elderly subjects). Some but not all subjects were included in the short-term and long-term analysis. More importantly, the long-term assessment included physiological changes that cannot be separated. Therefore, LSC values are only given for short-term repeatability. Still, an upper limit and the statement that long-term repeatability of estimated MT volume and PDFF was better than 4% can be given. An important factor that should not be neglected in long-term muscle measurements is hydration that can vary between the visits. 33, 34 In the subjects examined in the present study, a significant difference (paired t-test, P > 0.05) of total body water per body weight (body water percentage) was observed.
From experience, one would speculate that repeatability errors were greater in elderly subjects because of higher amounts of muscle fat and lower MT volume (Table 1) . Furthermore, the variance within the groups was not higher in the elderly compared with the young groups ( Table 1) . A typically larger variation in elderly subjects is an important argument to determine a technique's repeatability not only in young healthy but also in elderly subjects. 15 Finally, higher hydration states in follow-up measurements would cause a fat underestimation and vice versa. Given these limitations, the long-term and short-term repeatability results of our study fit together well.
The LSC is an important performance criterion of a technique because it determines the minimum change in an individual that can be considered significant. LSC values for Dixon parameters were below 6% (Table 2) . Reported longitudinal changes of adipose tissue within muscles in humans are rare. In young (19-28 years) subjects, Manini et al. reported a 14.5% increase in IMAT (combination of perimuscular and intramuscular adipose tissue within the fascia) of the thigh and a 20% increase in IMAT of the calf after 4 weeks of lower-limb suspension as measured in T 1 w MRI images. 10 In elderly subjects (70-79 years), Delmonico et al. determined the 5-year age-related changes of IMAT in the thigh with computed tomography and reported an increase of 29.0 ± 43.6% in women and of 48.5 ± 59.6% in men (mean value ± SD). 35 PDFF changes after a 13-week physical training with 6pt Dixon MRI (so far unpublished data) were measured in a study parallel to the present one. A decrease of 13.1% ± 8.2% and of 1.6% ± 3.6% (mean value ± SD) in young (n = 11) and elderly (n = 27) subjects was found, respectively. Thus, for the majority of these longitudinal measurements, the repeatability errors of the Dixon MRI used in this study are sufficiently low. In comparison, long-term repeatability errors reported for DXA body composition measurements were 2.0% for total body, 6.0% for arms, and 3.0% for legs. 30 So far, most studies in cachexia and sarcopenia focus on body composition measured by DXA or bioelectrical impedance analysis, on muscle size, and more rarely on adipose tissue, usually either measured in T1-weighted MR images as volume of fatty infiltration or as CT density in Hounsfield units. 36 Correlation of lean tissue values or muscle size with functional muscle measures is usually weak. [37] [38] [39] [40] Shifting the focus towards infiltration of muscle by adipose tissue and the distribution of adipose tissue within muscle will probably improve the understanding of pathophysiological processes and the mechanism of interventions. Our results show that compared with standard methods, there is no 'repeatability penalty' using MR Dixon imaging to quantify PDFF. LSC in individual patients and sample sizes of studies will not increase, and this advanced imaging method could easily be integrated in existing study designs.
The image processing part in this study has limitations. So far, no robust automatic image segmentation has been developed. Therefore, only five of the acquired 36 slices were used for the analysis, which might cause an overestimation of the repeatability errors compared with a possible threedimensional analysis of the whole thigh muscle. The manual segmentation may have further increased errors because of intra-observer variability. Furthermore, only the fascia but not the muscles was segmented; thus, PDFF within muscles was not determined separately. From a medical perspective, subcutaneous, perimuscular, and intramuscular adipose tissue should be assessed separately, 1, 4, 9, 35, [41] [42] [43] [44] because intramuscular fat is known to have the strongest effect on decreasing functional performance and muscle function. 3, 6 This requires a separate segmentation of individual muscles and of the perimuscular fat, which is still a work in progress. Precision errors in individual muscle may increase compared with the numbers presented in Tables 2 and 3 because the volume is smaller.
In conclusion, PDFF and muscle volume can be measured with excellent repeatability by T 2 *-corrected 6pt Dixon MRI with calibrated spectral modelling of fat in young and elderly subjects. LSCs of below 6% seem to be adequate to monitor disease or intervention-related changes as reported in the literature. This supports the use of multi-point Dixon MRI to predict potential future mobility impairments or measure the success of a therapeutic intervention addressing muscle function in aging populations and in muscular dystrophy. The application of MRS for PDFF measurements in muscle is more problematic because the large inhomogeneity of MT due to fat infiltration results in high repeatability errors. In addition, the tissue composition within the MRS voxel may not be representative for the whole muscle.
